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ACDM: Very Successful
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CDM: Success on Large Scales (> few Mpc)
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CDM: Failure on Small Scales (< few Mpc)
- Missing satellites

- Too big to fail

- Core vs. cusp
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Weinberg et al., 1306.0913; Oh et al., 1011.0899 3



Possible Solutions

- Better simulations (baryonic physics)
« Warm dark matter
- Self-interacting dark matter

- Neutrino-interacting dark matter
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- Self-interacting dark matter

- Neutrino-interacting dark matter

If neutrino-interacting dark matter is the answer,
what does the model look like and what are the
implications?




Outline

+ Small Scale Structure (Solving the MSP)
« Model Building

- Constraints

- Predictions

« Conclusions



Small Scale Structure

Basic Ideas

¢ small scale structure forms first — to erase small scale
structure, need M ,og (Smallest mass object formed)

* two scales for washing out structure, one before and one after
DM decouples

* relevant decoupling is kinetic not chemical

Chemical Decoupling at 7T;, Kinetic Decoupling at T

* DM annihilation and creation * DM stops interacting with
stops other particles
* co-moving number density of o after 7y DM free-streams

DM becomes constant e larger coupling = smaller
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Small Scale Structure 7" > Tj

Acoustic Oscillations
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For coupled DM, small scale DM density perturbations will oscillate
with the radiation fluid, washing out structure

—> damped oscillations on length scales smaller than the horizon

size at decoupling, (Hid

3 —1/2 =3}
Mo = (T ()" = 2 100000 (2480) ™" (&)

Loeb & Zaldarriaga, astro-ph/0504112



Small Scale Structure 7' < Tjy
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Free Streaming :5/: .....:0..0.
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1. Gravitational potential set up by radiation has decayed

2. DM “warmer” due to neutrino interactions

—> damping on length scales smaller than the distance that DM
travels after kinetic decoupling, maeq ftifq dt(vphys/a(t))

Mo = 7% 1000 [ 2a) DA m i
o T 10 MeV keV

{242 (2] o)

Green, Hofmann & Schwarz, astro-ph/0503387




Observations of smallest halos

DM halos around satellite galaxies = M., ~ 107 M
(Strigari et al. 0808.3772)

* Lyman-a observations = M., ~ 3 x 108 M
(Viel et al. 1306.2314)

« Gravitational lensing = My, ~ 108M,
(Vegetti et al. 1201.3643 & 1405.3666)

We will consider My ~ 107 — 109]\/[@ to solve the MSP

e Acoustic oscillations set the cutoff scale

* Need Ty ~ keV and large x — v coupling to achieve this




Model Building
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Example Model

Consider a gauge singlet, Weyl DM field x

Could couple to neutrinos through the operator £ H y, but this
would lead to DM decay

Introduce a dark U(1), a scalar ¢, and the operator ¢H x¢

A could be due to a sterile neutrino Weyl field NV

—LD MNN + ANH(+ y¢Nx +he. |

- 2012
See-saw Majorana masses: my ~= )\zvqu and Mg ~ M
e [ X
i PO \UPI
E¢ 9= Y~y mf//MN
v % : X




Example Model (Cont.)

4 2

This gives oy, ~ I g~y ms/M
%

8mm

Solving for Ty:
1/8 -1
g gt (Ta) my \Y4/ mg lgl
Tiegatad ( 3.36 ) <1OMeV) (QOMeV) 0.3

So solving the MSP —> ¢ 2 0.1 = My 510eV




Example Model (Cont.)

4 2

Ti, g = y/ms M

This gives oy, ~

Solving for Ty:

1/8 AN
g gt (Ta) my \Y4t/ mg lgl
Tiegatad ( 3.36 ) (10 MeV) (QOMeV) 0.3

So solving the MSP —> ¢ 2 0.1 = My 510eV

X Doesn’t work! (N.z, BBN, ...)



Viable Model

* Abandon simple neutrino masses (no LNV in the DM/N sector)

* Add two sterile Weyl fields: N; and N» (with opposite lepton
number)

—L D myjviv; + MN1No + M N1HE; + y16* N1 + y2¢Nox + h.c.

myj )‘j (% 0
Mass matrix: oo O

0 VISR

* Majorana masses m;, ~ m; and Dirac mass Mg ~ M

AU
M

e Still have g; ~ 5i7y> butit’s no longer related to my,



Viable Model (Cont.)

* Mass basis: 3 light Majorana neutrinos 7;, heavy (~ 100 MeV)
Dirac neutrino N
RIS
7= ()

* In principle, 74 can consist of any arbitrary combination of sterile
(N2) and active flavors

vy = Ujyvy where U is the 4 X 4 mixing matrix

X = No = D4 = Ve, Uy, v, sowant Uy large for large coupling



Constraints



Electroweak Constraints

Uey and U,y are strongly w10 ¢
constrained from line = X:
3 5 -
searches in muon and meson 2 10 ¢ 0 :
] — < LSND-MiniBooNE window
decays and electroweak il " _31
precision measurements £
- 10 i
The heavy 74 part of v, or v, K'SU'V % range
alters decay rates (74 decays 105 \
e E TSIV NN
invisibly) f \’\\/ Kouiny
ot T
2 2 7 =5 i
B 04 10 SN 00U TUUUE DUUNE DOUOR NV OO OO
0 50 100 150 200 250 300

Neutrino mass m,,, MeV

Gninenko, 1009.5536

need strong coupling to solve MSP = | only consider 4 part of v




T Decays

» 7 decay rates and the energy distribution of the decay products
are altered

* Only consider adding 74 to v, = one new parameter 6.

3 4 >
e —cg D Vaili + 89,04,

1
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my (GeV)

[Ural? = 53,

green: 7T — V37

blue: 7 — fvv

---68% C.L.
—95% C.L.



Neutrino Oscillation Experiments

* Can measure 3-neutrino mixing parameters independently from

sterile parameters

* SuperK (no matter effects) 0.8
measures p — sterile: o 06l

s >°
=04

(Timited by data)

* Solar NCs: |6, < 0.6
(poorly understood ® )

03 107

107 1
|2

|U
u4
Abe et al., 1410.2008

* Presence of sterile neutrino alters oscillations in matter over a
distance scale ~ 4000 km—LBNF (1300 km), NOvA (810 km)

Strumia & Vissani, hep-ph/0606054; Cirelli et al., hep-ph/0403158



Supernova 1987A

wl o IMB
X o Kamiokande I

* Usually light DM

> 30
(my S 100 MeV) is % L
constrained by § 20p #
supernova energy loss 10%1 } ¢ 8

{8 S O T T Y T N T OO S B
0o 2 4 *s 8 10 12

Time (s}

* Neutrino-interacting DM needs m, = O(10) MeV to solve the
MSP

* Similar to Fayet et al., hep-ph/0602169: m, 2 10 MeV

We plan to study the effects on neutrino spectra in detail in future work



Predictions
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Supernova Neutrino Observations

Supernova release most of their energy in ~ 10°® neutrinos

1% v
Neutrinos can resonantly scatter off b
DM and out of the line of sightof ~  >------
our detectors

X 7

Model this using standard neutrino oscillations plus a decay term

r
H+i—
+z2

Neutrino oscillations = each ; has its own decay probability

~ UNZ-IQ/1 day (o
.0.S.
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Supernova Neutrinos (SN 1987A)

Ignoring changes in neutrino spectra for now...

my, =10 MeV, my = 20 MeV
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More Small Scale Structure Problems

The cusp-core and the too big to fail problems could be alleviated by
“feedback” due to supernova or reionized gas

Gas driven away Gas cools & Force returns to
Dark matter from centre flows backin | original
strength...

particle

\ .. Gravitational force :, )
S insufficient L -
S 5 o! A

5 5 N 4—.

* S T /\

A
... but is weaker at large

Dense, star- / L Particle migrates distances, so the particle
forming gas outwards can{lg:[ls)z&u(l)lresnl.)ack
Pontzen & Governato, 1402.1764

* In simulations ~ 0.1 — 1% of SN energy gets transferred to DM

* Neutrino-interacting DM could get supernova energy directly

Using DM-neutrino scattering, ~ 0.1% of SN energy will be
transferred to DM over 1 kpc

28



Conclusions

« Gravity-only simulations of ACDM fail on sub-galaxy scales

 Neutrino-interacting DM is viable and could alleviate these small
scale structure problems

 This implies observable features in astrophysical neutrino spectra
and motivates studying 7 decays, neutrino oscillations, and
supernova neutrinos

24



Backup Slides
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Kinetic Decoupling

Estimate 7 for y-v scattering:

e non-relativistic DM and relativistic vs

* change in p, after NV collisions is O(1) when

Aptot ~ VARl Px ~ /My T
S AN e

* Kinetic decoupling occurs when

Nr=Tx (n,,ax,,v)_l oA
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What about future supernovae?

* Rate of core-collapse supernova is a few per century in a Milky
Way sized galaxy

* Most likely distance ~ 10 kpc

* Current detectors will see ~ 102 — 10% events at this distance

For a supernova ~ 10 kpc away, with Moiog = 109 Mo,
this neutrino-DM resonance is observable.
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